In Brief
Essig et al. show that spontaneous activation and aberrant differentiation of Roquin-deficient T cells involves cellintrinsic causes in not only conventional T cells but also impaired Treg cell function. In both cell types, Roquin inhibits the PI3K-mTOR signaling pathway at several levels, thereby controlling protein biosynthesis and limiting differentiation toward Th17 and Tfh cells as well as preventing the conversion and functional specialization of Treg into Tfr cells.
INTRODUCTION
Roquin-1 and Roquin-2 redundantly inhibit spontaneous T cell activation and CD4 + T cell differentiation (Bertossi et al., 2011; Jeltsch et al., 2014; Vinuesa et al., 2005; Vogel et al., 2013) . Consistently, mice with a homozygous sanroque missense mutation in the Roquin-1-encoding gene Rc3h1 develop T follicular helper (Tfh) cell-driven lupus-like autoimmunity (Vinuesa et al., 2005) . Moreover, combined deletion of the Roquin-encoding genes Rc3h1 and Rc3h2 in T cells causes Tfh and T helper 17 (Th17) cell accumulation and inflammation-associated pathology in the lung (Jeltsch et al., 2014; Vogel et al., 2013) . Roquins are RNA-binding proteins that recognize specific stem-loop structures in 3 0 UTRs of target mRNAs (Janowski et al., 2016; Leppek et al., 2013) . Their targets include the mRNAs of costimulatory receptors Icos, Ctla4, and Ox40, cytokines Tnf and Il6, transcription factors Irf4 and cRel, and modulators of transcription Nfkbid and Nfkbiz (Jeltsch and Heissmeyer, 2016) . The T cell-expressed targets as well as the T cell receptor (TCR)-dependent regulation by the paracaspase MALT1 (Gewies et al., 2014; Jeltsch et al., 2014) may explain the prominent role of Roquin proteins in T cells and in the prevention of autoimmune and auto-inflammatory responses (Jeltsch and Heissmeyer, 2016) , despite their ubiquitous expression.
Spontaneous activation of T cells and accumulation of Tfh cells also occur following miR17$92 cluster overexpression and upon deletion of one Pten allele in lymphocytes (Baumjohann et al., 2013a; Kang et al., 2013; Xiao et al., 2008) . The lipid phosphatase Pten dephosphorylates phosphatidylinositol-3,4,5-tris-phosphate (PIP3), counteracting the activity of the lipid kinase PI3K (Rolf et al., 2010) . Downstream of PI3K is the mammalian target of rapamycin (mTOR) that integrates environmental cues from growth factors, nutrients, and cytokines to induce metabolic changes. mTOR is present in two distinct complexes, mTORC1 and mTORC2, which are characterized by their regulatory proteins Raptor and Rictor, respectively (Pollizzi and Powell, 2015) . mTOR controls cellular protein synthesis by regulating the translation apparatus.
PIP3 production by T cells is positively correlated with the magnitude of immunization-induced germinal center (GC) formation (Rolf et al., 2010) . The underlying Tfh cell differentiation requires signaling through mTORC1 and mTORC2 (Yang et al., 2016b; Zeng et al., 2016) , and Tfh cell-dependent GC formation is controlled by a specialized subset of follicular regulatory T (Tfr) cells (Chung et al., 2011; Linterman et al., 2011; Wollenberg et al., 2011) . Activation-induced miRNAs from the miR-17$92 cluster repress Pten, which explains the antagonistic effects of miR-17$92 and Pten on Tfh cell formation (Baumjohann et al., 2013a; Kang et al., 2013; Xiao et al., 2008) . Pten also has a critical role in Treg cells, as Pten-deficient Treg cells lose CD25 expression as well as the ability to control the spontaneous activation of conventional T cells, and to prevent Tfh cell accumulation and autoimmunity (Huynh et al., 2015; Shrestha et al., 2015) .
In T cells, PI3K activity is strongly induced by ICOS signaling and inactivates Foxo1, which interferes with Tfh and Th17 cell differentiation but promotes the function of Treg cells (Kerdiles et al., 2010; Lainé et al., 2015; Stone et al., 2015) . Connected to PI3K signaling are mTORC1 and mTORC2 complexes, which, through so-far unknown downstream targets, enable Th17, Th2, Tfh, and Treg cell differentiation (Delgoffe et al., 2009 (Delgoffe et al., , 2011 Kurebayashi et al., 2012; Lee et al., 2010; Sauer et al., 2008; Zeng et al., 2016) .
The mechanisms of spontaneous activation and aberrant differentiation of Roquin-deficient T cells has not been defined yet. Here we uncover that Roquin inhibits the PI3K-mTOR pathway at several levels, thereby controlling protein biosynthesis, inhibiting differentiation toward Th17 and Tfh cells and conversion of Treg into Tfr cells.
RESULTS

Roquin Expression Is Required for Treg Cell Function
To investigate the role of Roquin-mediated post-transcriptional gene regulation in Treg cells, we combined a transgene for Treg cell-specific Cre recombinase expression from the Foxp3 locus (Foxp3-IRES-YFP-Cre) (Rubtsov et al., 2008) within the CD4 + fraction was solely due to increased Tfr cell frequencies and numbers (Figures 1F and 1G) . Compared to wildtype, DKO Treg mice had increased IgM and IgG and significantly higher IgG1 levels in the sera ( Figure S1H ). Among the PD1 hi CXCR5 hi CD4 + T cells, the Tfr to GC Tfh cell ratio was strongly shifted toward the Tfr cell subset (Figures 2A and 2B Figure 2C ) and in the YFP + Treg cells the proportion of Tfr cells was strongly increased (Figures 2C and 2D) . These data suggest that under homeostatic conditions, Roquin-deficient Treg cells expand, adopt a Tfr cell phenotype, and cannot suppress activation of conventional CD4 + and CD8 + T cells.
Roquin-Deficient Tfr Cells Repress Antigen-Specific B Cell Responses
To assess the functionality of Roquin-deficient Tfr cells, we immunized DKO Treg mice with sheep red blood cells (SRBCs). The spleens of these mice had significantly smaller GCs compared to immunized control mice (Figures 2E and 2F) but more CD4 + Foxp3 + cells per GC and GC area ( Figure 2F ). We also asked how the increased abundance of Tfr cells in DKO Treg mice affected antibody titers and affinity maturation after immunization with the T cell-dependent antigen NP-KLH ( Figures  2G-2M ). Relative to wild-type controls, immunized DKO Treg mice showed increased Tfr cell frequencies and numbers, no change for Tfh cells, while GC B cell numbers increased 1 week after immunization (Figures S1I and S1J). However, frequencies and numbers of NP-specific GC B cells 1 week after immunization were strongly decreased . Whereas IgG1 levels were elevated ( Figure 2J ), the generation of NPspecific IgG1 antibodies was impaired (Figures 2K and 2L) , and DKO Treg mice also showed reduced affinity maturation compared to WT mice ( Figure 2M ). These data reveal that Roquin-deficient Tfr cells are more abundant in the GCs and are functional in repressing antigen-specific B cell responses and antibody maturation efficiently. Figure S2D ), Roquin-deficient Treg cells were less frequent among the CD4 + T cells infiltrating the colon ( Figure S2D ). The transferred Roquin-deficient and WT Treg cells exhibited similar rates of loss in YFP or Foxp3 expression in the spleen or colon ( Figure S2E , and data not shown). However, Roquin-deficient Treg cells (CD45.2 + CD4 + ) from the colon that lost YFP expression (ex-Treg cells) were much more likely to produce IL-17A or IFN-g or both upon ex vivo stimulation ( Figure 3E ). Finally, although the localization of Roquin-deficient Treg cells Statistical significance calculated for each time point was tested separately by two-way ANOVA with Tukey's multiple comparison test; *p < 0.05, **p < 0.01, and ***p < 0.001. After 38 days, the mice were sacrificed and half of the colon tissue was analyzed by histology (B and C). Data are presented as mean ± SEM (C), *p < 0.05 and **p < 0.01; ns, not significant (one-way ANOVA). The other half of the colon was analyzed by flow cytometry. Figure 4C ). The mRNA abundance of cytokines such as IL4 and IL13 was increased, while Ifng was downregulated ( Figure 4C ). Cytokine expression was profoundly deregulated in supernatants of ex vivo stimulated Roquin-deficient Treg cells or conventional CD4 + T cells isolated from DKO Treg mice, and in the sera of DKO Treg compared to wild-type mice ( Figures S4A-S4E ). This suggests that gene regulation by Roquin in Treg cells not only controls functional plasticity of cytokine expression in these cells, but also has systemic consequences.
Roquin-Deficient Treg Cells
Among the mRNAs that are downregulated in CD25-expressing Treg cells from DKO Treg mice, we found many that are commonly associated with a Treg cell signature, including Foxp3, Il2ra, Plagl1, Lrig1, Klf9, Gata1, Itgae, and Dusp4 (Figure 4C; Haxhinasto et al., 2008) . This was consistent with the decreased activity of the Foxp3 transcription factor inferred with ISMARA from the mRNA sequencing data ( Figure 4D ; Balwierz et al., 2014 Figure S4G) . A similar downregulation of Treg cell signature genes has been reported to occur upon expression of a constitutively active form of the PIP3-induced kinase Akt (Haxhinasto et al., 2008) . Conversely, expanded Treg cells and Tfr cells that lose CD25 expression and are unable to control activation of conventional T cells have been observed upon Treg cell-specific deletion of Pten, the negative regulator of PIP3 signaling (Huynh et al., 2015; Shrestha et al., 2015) . These findings revealed an overlap of phenotypes between mice lacking Pten or Roquin in Treg cells (Huynh et al., 2015; Shrestha et al., 2015) . Pten-deficient Treg cells showed an increased expression of mRNAs related to gene ontology of glycolysis and cell cycle (Shrestha et al., 2015) , as we observed in DKO relative to WT CD25-expressing Treg cells (Figures 4G-4I ). We further confirmed the increased surface expression of the glucose transporter Glut1 in Roquindeficient Treg cells ( Figure 4H ). Consistent with proliferating Treg cells being impaired in their suppressive capacity (Gerriets et al., 2016) , we found that Roquin-deficient Treg cells had increased proliferation ( Figures 4J and 4K 
Roquin Inhibits PI3K-mTOR Signaling
We therefore focused our investigation on cellular phenotypes that are expected consequences of increased PI3K-mTOR signaling. mTOR stimulates the translation of mRNAs of ribosomal proteins (RPs) and translation elongation factors that carry 5 0 terminal oligopyrimidine (5 0 TOP) motifs in their 5 0 UTRs, thereby stimulating protein synthesis (Hsieh et al., 2012; Thoreen et al., 2012) . In mRNA sequencing and ribosome footprint data from CD4 + T cells stimulated with PMA/ionomycin for 60 min, the inhibition of Roquin proteolysis by mepazine (Jeltsch et al., 2014) decreased the translation efficiency (TE) of 5 0 TOP mRNAs and RP-encoding mRNAs relative to all others ( Figure 5A labeling of MEF cells with the fluorescence-tagged methionine analog L-homopropargylglycine (HPG) showed that induced deletion of Roquin caused increased incorporation of HPG and thereby promoted protein synthesis ( Figure 5B ).
Contrary to suggestions that Roquin impinges on mTORC1 signaling by negatively regulating the 5 0 adenosine monophosphate-activated protein kinase a (AMPKa) through its RING finger (Ramiscal et al., 2015) , we here found that the RING finger of Roquin-1 was not required for Roquin-mediated inhibition of protein synthesis ( Figures 5C and S5D ). However, we confirmed a partially impaired aggregation of the Roquin-1 RING finger mutant in stress granules ( Figure S5E ) and normal localization in P bodies ( Figure S5F ; Ramiscal et al., 2015) . With different Roquin-1 mutants ( Figures 5C, S5C , and S5D), we showed that the A-site of the ROQ domain, which is required for RNA binding, as well as sequences located downstream of Arg510, the MALT1 cleavage site, were essential for the regulation of protein synthesis (Figures 5C and S5D) , and neither of these mutants accumulated in P bodies or in arsenite-induced stress granules (Figures S5E and S5F Figure 5D ). Furthermore, there was an increase in the PIP3-induced phosphorylation of the residue Thr308 as well as in the mTORC2-dependent phosphorylation of residue Ser473 of the Akt kinase ( Figure 5E ). We also analyzed the activation status of the mTOR pathway in CD4 + T cells treated with 4 0 OH-tamoxifen to induce the deletion of Roquin-encoding alleles (iDKO T ), which recapitulated increased mTORC1-dependent phosphorylation of S6 and mTORC2-dependent phosphorylation of Akt Ser473 at the steady state (Figures 5F and S6A-S6C) but showed normal induction of the pathway after anti-CD3 and -CD28 stimulation ( Figures S6A-S6C) .
The transcription factor Foxo1 relocalized from the nucleus to the cytoplasm both when we induced deletion of Roquinencoding alleles in Figure S6D) . Moreover, the level of Itch protein decreased upon Roquin-1 overexpression in MEF cells (Figure S6E ), the Itch mRNA emerged as a direct target of Roquin in our PAR-CLIP dataset from these cells, and Roquin-1 downregulated an ICOS reporter gene linked to the 3 0 half of the Itch 3 0 UTR ( Figures 5J and 5K ). These data reveal the negative regulation of mTOR signaling and protein biosynthesis by Roquin and identify Itch, a negative regulator of Foxo1 (Xiao et al., 2014) , as a downstream target of Roquin in the PI3K-Akt-Foxo1 pathway.
Roquin Interferes with Post-transcriptional Repression of Pten by miR-17$92
As the Pten mRNA also emerged as a Roquin-bound target in the PAR-CLIP dataset, we asked whether Roquin affects PI3K signaling upstream of Foxo1. In fact, specific binding of Itch, Pten, and Nfkbiz mRNA was observed after immunoprecipitation and qPCR analysis by WT and the RING finger mutant of Roquin-1, while introduction of A-site mutations into the ROQ domain of Roquin abolished these interactions (Figures 6A and S6F) . The mRNA and protein levels of Pten decreased when Roquin-encoding alleles were deleted by 4 0 OH-tamoxifen treatment in iDKO T T cells (Figures 6B and 6C) , and inducible deletion of Roquin-encoding alleles in Treg cells decreased Pten and increased Itch protein levels ( Figure 6D and S6G). Our PAR-CLIP data identified the interaction of Roquin with a predicted U-rich hepta-loop hairpin structure in the 3 0 UTR of Pten (Figures 6E and 6F) . This stem-loop structure overlaps with a miR-17 binding site, which is responsible for the miR-17$92-mediated repression of Pten in T cells (Xiao et al., 2008) . Strikingly, we found that miR-17 and miR-19a, two representative miRNAs of the miR-17$92 cluster, were upregulated in DKO T effector T cells ( Figure 6G ). This upregulation may also be attributed to some extent to the strong activation of these T cells, since the induction of miRNAs was still present but clearly reduced in naive DKO T T cells ( Figure 6G ). Interestingly, the decrease of Pten protein observed in iDKO T CD4 + T cells was (legend continued on next page) very comparable to the increase of the protein upon T cellspecific deletion of miR-17$92 ( Figure S6H ). We then asked whether Roquin limits the access of the miRISC complex to the miR-17$92 binding site in the 3 0 UTR of Pten. Indeed, quantitative RT-PCR analysis of RNA associated with immunoprecipitated Ago2 demonstrated more association of Ago2 with the Pten mRNA in extracts from Roquin-deficient (iDKO T ) compared to control CD4 + T cells ( Figure 6H ). As expected, CD4 + T cells that lacked expression of miR-17$92 showed decreased Ago2 protein interaction with the Pten mRNA ( Figure 6I ). Together, these data reveal an impact of Roquin on PI3K-mTOR signaling and provide a molecular basis for Roquin's influence on the cell fate not only of Treg but also of conventional T cells.
Roquin Shapes T Cell Differentiation by Inhibiting the PI3K-mTOR Pathway
We therefore addressed how deregulation of this pathway affects differentiation of Roquin-deficient 7M , and S7L-S7M) Roquin-deficient T cells, indicating a B cell-independent requirement of PI3K-mTOR signaling during Tfh cell subset differentiation. These data support the conclusion that due to a pre-activated PI3K-mTOR pathway, Roquin-deficient CD4 + T cells inappropriately commit to Tfh or Th17 cell differentiation.
DISCUSSION
Roquin RNA-binding proteins are essential in limiting immune responses and preventing autoimmunity. Through their many targets, they probably modulate a variety of molecular pathways.
In this study we have demonstrated that Roquin inhibits the PI3K-mTOR pathway, which regulates protein biogenesis and is important for T cell activation and fate decisions (Pollizzi and Powell, 2015) . With inducible gene deletion we have uncovered a profound positive regulation of Pten by Roquin in conventional CD4 + and regulatory T cells. Pten is a crucial negative regulator of the PI3K-mTOR pathway, which is tightly controlled in T helper cells by miRNAs of the miR-17$92 cluster (Baumjohann and Ansel, 2013) . We found that Roquin not only reduced the levels of miR-17$92 but also interfered with the interaction of these miRNAs with the Pten 3 0 UTR by binding to an overlapping site that can pair in an ADE-type secondary structure (Janowski et al., 2016) . We propose that Roquin binding to this stem-loop precludes base pairing of miR-17$92 with the Pten 3 0 UTR and thereby increases cellular Pten levels. A similar Pumilio-enforced RNA structure switch has been reported to limit access of miR-221 or miR-222 to their binding sites in the 3 0 UTR of p27 (Drees et al., 2017) .
A Roquin-mediated stimulation of the mTOR pathway has been reported before, the proposed molecular mechanism involving a Roquin RING-finger-dependent inhibition of the AMPK kinase that itself inhibits mTOR (Ramiscal et al., 2015) . Our findings of Roquin-mediated negative regulation of mTOR signaling indicate either a parallel antagonistic function or an intra-molecular negative feedback regulation through the E3 ligase function of the RING finger in the Roquin protein.
How can our findings explain that Roquin-deficient T cells preferentially differentiate into Tfh and Th17 cell subsets and that Treg cells lacking Roquin are specialized to repress GC B cell responses but functionally impaired to repress T cell responses? There is a strong overlap of phenotypes that are caused in mice by T cell-specific deletion of Roquin-encoding alleles (Vogel et al., 2013) with those induced by transgenic overexpression of miR-17$92 or heterozygous deletion of Pten in lymphocytes (Xiao et al., 2008) . Also, deletion of Roquin-or Pten-encoding alleles in Treg cells elicits similar phenotypes (Huynh et al., 2015; Shrestha et al., 2015) . Consistent with Foxo1 being a downstream target in this pathway, deletion of Foxo1 also effectively induces Tfh and Th17 cell differentiation, and expression of Foxo1 is required for Treg cell function (Kerdiles et al., 2010; Lainé et al., 2015; Stone et al., 2015) . While our data did not support a general instability of Foxp3 expression in vivo, we have presented evidence for functional impairment of Roquin-deficient Treg cells: losing CD25 expression in a PI3K-dependent manner (Huynh et al., 2015) , these Treg cells may consume less IL-2 and thereby may be less efficient in repressing the activation of CD8 + T cells (Chinen et al., 2016) . Despite the fact that these Treg cells express higher levels of IL-10 as well as of the Roquintarget CTLA-4, they appear less able to regulate in vivo. This lack of regulation could be related to the lack of Foxo-1-dependent CD62L (Kerdiles et al., 2009 ) and TGF-b-dependent CD103 expression (Kilshaw and Murant, 1991) , the downregulation of Foxp3 target genes, as well as the strongly altered cytokine production by Treg cells, conventional T cells, and exTreg cells. To explain similarities and differences observed in Pten-and Roquin-deficient Treg cells, we propose a model in which Roquin deficiency and reduced Pten activity make Treg cells convert to Tfr cells, which remain effective to repress antigen-specific B cell responses while non-follicular Treg cell functions are impaired. Only upon strong or complete loss-offunction of Pten are both Tfr and non-follicular Treg cells rendered inactive as they lose Foxp3 expression and change cellular identity (Huynh et al., 2015; Shrestha et al., 2015) .
PIP3K is effectively activated through the ICOS receptor, a well-established post-transcriptional target of Roquin (Glasmacher et al., 2010; Schlundt et al., 2014; Yu et al., 2007) . PIP3 production then leads to the activation of the Akt kinase that phosphorylates Foxo1, a transcription factor that maintains T cells in a quiescent state (Kerdiles et al., 2010) . This phosphorylation inactivates Foxo1 by re-localization to the cytoplasm and ubiquitination by the E3 ubiquitin ligase Itch (Xiao et al., 2014) . The molecular program of PI3K and mTOR activation as well as Foxo1 inactivation following Roquin loss-of-function in T cells or Treg cells is therefore induced in three different ways: through increased ICOS signaling, through reduced Pten expression, and through more effective ubiquitination and degradation of Foxo1 due to increased levels of the Roquin target Itch. Given the general importance of the PI3K-mTOR signaling pathway and considering the ubiquitous expression of Roquin proteins, the newly uncovered regulation is expected to have a broad impact on metabolic programs and cell fate decisions in other immune and non-immune cells under homeostasis, when faced with environmental challenge, as well as during the development of cancer.
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METHOD DETAILS
Immunization with NP-KLH Mice were immunized i.p. with 100 mL of 0.5 mg/ml NP-KLH in combination with Imject Alum as adjuvant. On day 7 mice were sacrificed and splenic Tfh and GC B cells were analyzed by flow cytometry. In a further experiment serum samples of the immunized mice were collected once a week. After four weeks mice were sacrificed and the sera of each time point were analyzed for NP-specific antibodies by ELISA.
ELISA ELISA was performed as previously described (Baumjohann et al., 2013b) . Briefly, Nunc MaxiSorp 96-well plates (Invitrogen) were coated with 5 mg/ml goat anti-mouse Ig antibodies (IgG, IgG1 or IgGM) or 10 mg/ml NP30/NP2-BSA at 4 C overnight. Plates were blocked with 2% BSA in PBS and serum samples or standards (mouse IgG, IgG1 or IgM) diluted in 1% BSA in PBS were added. Alkaline Phosphatase (AP)-conjugated goat anti-mouse Ig isotype-specific antibodies (IgG and IgG1) were used as detection antibodies. For the measurement of IgM levels a biotinylated detection antibody was used followed by AP-conjugated streptavidin. Plates were read at 405nm using the VersaMax ELISA Microplate Reader (Molecular Devices), analyzed with Soft Max Pro 7 software, and curves were fitted using a 4 -parameter -logistic fit. Histology 4% paraformaldehyde-fixed paraffin-embedded colon sections (3 mm) were stained with hematoxylin/eosin (H&E). Colitis was quantified using a histological score in a blinded fashion by two independent investigators. Slides were scored for leucocyte infiltration, epithelial damage, goblet cell loss and hyperplasia (each scaled from 0-3, resulting in a maximal score of 12).
In vivo colitis model
Cell Culture of MEF and T cells MEF cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (GIBCO) supplemented with 10% (v/v) fetal bovine serum (FBS) (PAN-Biotech), 1,000 U/ml penicillin-streptomycin (GIBCO), and 10 mM HEPES, pH 7.4 (GIBCO) at 37 C in 10% CO 2 . T cells were cultured in DMEM medium supplemented with 10% (v/v) FBS (PAN Biotech), 1x non-essential amino acids (Lonza), 10 mM HEPES, pH7.4 (GIBCO), 50 mM b-mercaptoethanol (GIBCO) and 1,000 U/ml penicillin-streptomycin (GIBCO) at 37 C in 5% CO 2 .
In vitro and in vivo deletion of Roquin-1 and Roquin-2 encoding genes and inhibition of MALT1 For in vitro deletion of Roquin-1 and Roquin-2 encoding genes in MEF cells, Rc3h1-2 fl/fl ; Cre-ERT2 MEF cells were treated with 0.3 mM of 4' OH-tamoxifen for 5 d before analysis. For in vitro deletion in T cells, total CD4 + T cells from Rc3h1-2 fl/fl ; Cd4-Cre-ERT2 mice were isolated from spleen and lymph nodes using the EasySep TM Mouse CD4 + T cell Isolation Kit and treated with 1 mM 4' OH-tamoxifen for 24 hr. CD4 + T cells were washed twice with medium to remove 4' OH-tamoxifen and stimulated with anti-CD3 (0.5 mg/mL) and anti-CD28 (2.5 mg/mL) on six-well plates pre-coated with goat-anti-hamster IgG (0.05 mg/mL in PBS overnight at 4 C) for 48 hr at an initial cell density of 1 3 10 6 cells/mL. After stimulation, cells were expanded in media with 200 U/ml of recombinant human IL-2 for 48 hr. For in vivo deletion Rc3h1-2 fl/fl ; Cd4-Cre-ERT2 mice were gavaged with 5 mg tamoxifen in 150 mL corn oil per mouse daily for 4 d. The mice were sacrificed on day 5 for analysis. For MALT1 inhibition, purified WT CD4 + T cells were pre-incubated with mepazine (20 mM) or dimethyl sulfoxide (DMSO) (1:2500) for 3 hr and then stimulated with PMA (20 nM) and ionomycin (1 mM) for 60 min.
Rapamycin treament of iDKO T mice
For in vivo deletion of Roquin-1 and Roquin-2 encoding genes, Rc3h1-2 fl/fl ; Cd4-Cre-ERT2 mice were gavaged with 5 mg tamoxifen in corn oil per mouse for 4 days. After the first tamoxifen treatment mice were injected i.p. with 4 mg/kg rapamycin (dissolved in 5% Tween-80 and 5% PEG-400 in PBS) or a vehicle control (5% Tween-80 and 5% PEG-400 in PBS) every two days. Mice were sacrificed and analyzed on day 8.
Adoptive transfer experiments
Rapamycin-sensitivity of Tfh cell differentiation was examined in mMT mice. mMT mice were given adoptive cell transfer of CD4 + T cells from Rc3h1-2 fl/fl ; Gt(ROSA)26Sor tm1(EYFP)Cos ; Cd4-Cre-ERT2. CD4 + T cells were depleted for B cells by the addition of a biotinylated anti-B220 antibody to the EasySep TM Mouse CD4 + T cell Isolation Kit. CD4 + T cells (10 x10 6 ) were transferred into mMT hosts via i.v. injection one day prior to immunization. Deletion of Roquin-1 and Roquin-2 encoding genes was induced by tamoxifen gavage on days 0, 1, 2, 3. Immunization was done by i.v. injection of 1 x10 8 sheep erythrocytes (SRBCs) on day 0 and mice were treated with rapamycin or vehicle i.p. on days À1, 1, 3, 5, 7. Mice were sacrificed and analyzed on day 8.
In vitro T cell differentiation with different PI3K-mTOR inhibitors
In vitro T cell differentiation was conducted by culturing sorted naive CD4
hi T cells in anti-CD3 (2 mg/ml) and anti-CD28
(2 mg/ml) coated 96-well plates under the following conditions: Th17, TGF-b (2.5 ng/ml), IL-6 (25 ng/ml), anti-IL-4 (10 mg/ml) and anti-IFN-g (10 mg/ml); and Treg, TGF-b (1 ng/ml), anti-IL-4 (10 mg/ml) and anti-IFN-g (10 mg/ml). Th17 and Treg cells were cultured for 3.5 d. Rapamycin was used at concentrations of 0.1, 1.0 and 10 nM, LY294002 was used at concentrations of 10, 50 and 3000 nM and PI-3065 was used at concentrations of 0.1, 0.5 and 1 mM.
Flow cytometry and cell sorting Single-cell suspensions were pre-incubated with Fc-block (CD16/32) in staining buffer (PBS with 2% FBS and 2 mM EDTA) for 10 min at 4 C, and then stained with fixable viability dye for 20 min at 4 C. For the detection of surface markers cells were regularly stained with the appropriate antibodies for 30 min at 4 C, except for the surface marker CCR7, cells were stained with the antibody for 30 min at 37 C. If needed, cells were then fixed and permeabilized for intracellular staining. To stain transcriptional factors such as Foxp3, Bcl-6 and c-Maf as well as the nuclear protein Ki-67, cells were fixed and permeabilized by using the Foxp3 / Transcription Factor Staining buffer set according to manufacturer's instructions. To maintain the YFP signal before intracellular staining samples were pre-fixed in 1% paraformaldehyde in PBS for 15 min at room temperature. For intracellular cytokine staining, CD4 + T cells were stimulated with PMA (20 nM) and ionomycin (1 mM) for 4 hr and brefeldin A (5 mg/ml) was added for the last 2 hr before being stained according to the manufacture's instructions (eBioscience). For staining of phospho-S6, cells were fixed in 2% formaldehyde for 15 min at room temperature and permeabilized in 0.5% saponin buffer for 20 min at 4 C. For staining of phospho-Akt Ser473 and phospho-Akt Thr308, cells were fixed with IC Fixation Buffer for 10 min at room temperature, and permeabilized in ice-cold 90% methanol for 30 min on ice. Then cells were stained with the appropriate antibodies in staining buffer for 30-60 min (P-S6 and P-Akt Ser473) or overnight (P-Akt Thr308) at 4 C. To detect the phospho-S6 antibody a secondary goat-anti-rabbit Alex647 antibody was applied. For staining of Pten, cells were fixed with Cytofix Fixation Buffer for 10 min at 37 C and subsequent permeabilization in Phosflow Perm Buffer III for 30 min at 4 C. Then cells were stained for Pten (A2B1) in staining buffer for 30 min at 4 C. For staining of Glut-1 cells were fixed with 4% paraformaldehyde for 15 min at room temperature and then stained with the appropriate antibody for 1 h at room temperature. For detection of Glut-1 a secondary goat-anti-rabbit Alex647 was applied. After staining, cells were acquired on a FACS Fortessa (BD Biosciences), FACS Canto II (BD Biosciences) or Cytoflex (Beckman Coulter) device and samples were analyzed with FlowJo software.
For staining of Foxo1, cells were fixed with 2% formaldehyde in PBS for 20 min at 4 C, and permeabilized in PBS containing 0.1% Triton X-100 and 1% BSA, cells were stained with purified Foxo1 antibody for 30 min at 4 C followed by a second antibody staining using goat-antiÀrabbit FITC. Finally, the cells were stained with DRAQ5 and measured with the Amnis ImageStream (Millipore). Similarity score between Foxo1 and DRAQ5 was calculated using the IDEAS software similarity feature.
For cell sorting, samples were first stained with surface antibodies and sorted on a FACSAria Fusion cell sorter (BD).
In vitro suppression assay Lamina propria lymphocyte isolation and staining Mice were sacrificed, colons were removed and flushed with ice cold PBS. Colons were cut into small pieces, pre-digested in HBSS supplemented with 8% FCS, 10 mM HEPES, 10 mM EDTA followed by three digestions in HBSS supplemented with 8% FCS, Collagenase Type IV (157 U/ml), DNase I (0.2 mg/ml) and Liberase DH (0.125 mg/ml). Lymphocytes were purified using a 40/80 Percoll gradient. Purified lymphocytes were stained with LIVE/DEAD fixable blue followed by surface staining and intracellular staining.
Multiplex cytokine/chemokine analysis Sorted YFP + and YFP -Treg cells were ex vivo stimulated with anti-CD3/anti-CD28 (plate-coated, 2 mg/ml). After 48 hr cell supernatants were harvested and analyzed by Bio-Plex assay. Cytokines and chemokines in serum and cell supernatants were measured using multiplex bead array systems, Bio-Plex Pro Mouse Cytokine Grp I Panel 23-Plex, Bio-Plex Pro Mouse Th17 Panel 7-Plex, and MILLIPLEXÒ MAP TGF-b Magnetic Bead Panel, following the manufacturers' recommendations. TGFb in serum and supernatants was converted into its active form by acidification before analysis. Data were acquired using the Luminex100 machine with BioPlex Manager 6.1 software. Standard curves were fitted using the logistic-5PL regression type.
The minimal detectable concentrations (listed in brackets) were: Bio-Plex Pro Mouse Th17 Panel 7-Plex: MIP-3a (18 pg/ml), IL-33 (1.3 pg/ml), IL-31 (6.5 pg/ml), IL-23p19 (7 pg/ml), IL-22 (1 pg/ml), IL-21 (7 pg/ml), IL-17F (3 pg/ml); Bio-Plex Pro Mouse Cytokine Grp I Panel 23-Plex: IL-1a (0.8 pg/ml), IL-1b (1.8 pg/ml), IL-2 (2.6 pg/ml), IL-3 (1.1 pg/ml), IL-4 (3.5 pg/ml), IL-5 (1.3 pg/ml), IL-6 (0.9 pg/ml), IL-9 (2.5 pg/ml), IL-10 (2.9 pg/ml), IL-12p40 (1.4 pg/ml), IL-12p70 (2 pg/ml), IL-13 (3.5 pg/ml), IL-17 (2.5 pg/ml), Eotaxin (2.5 pg/ml), G-CSF (2.2 pg/ml), GM-CSF (6.2 pg/ml), IFN-ƴ (1.2 pg/ml), KC (1.8 pg/ml), MCP-1 (7.5 pg/ml), MIP-1a (0.9 pg/ml), MIP-1b (2 pg/ml), RANTES (0.7 pg/ml), TNF-a (3.6 pg/ml); EMD MILLIPLEXÒ MAP TGF-b1, -b2 and -b3 Magnetic Bead Panel detects the active TGFb, with minimal detectable concentrations of 9.8 pg/ml for TGF-b1, 2.6 pg/ml for TGF-b2 and 2.2 pg/ml for TGF-b3.
Immunoblot analysis
For protein extraction from CD4 + T cells or MEF cells, these were washed twice with ice-cold 1x PBS and lysed in 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.25% (v/v) Nonidet-P40, 1.5 mM MgCl 2 , 1 mM DTT supplemented with 1x cOmplete, EDTA-free Protease Inhibitor Cocktail and 1x Halt Phosphatase Inhibitor Cocktail on ice for 15 min. Lysates were cleared by centrifugation at 12.000 xg for 15 min at 4 C and the protein concentration was measured by a Bio-Rad Protein assay. Equal amounts of total protein (10-50 mg) were separated by SDS-PAGE, transferred to a nitrocellulose membrane and analyzed by using primary antibodies followed by horseradish peroxidase (HRP)-conjugated secondary antibodies. For protein detection, the Amersham ECL Prime Western Blotting Detection Reagent and X-ray films were used. Immunofluorescence Mice were immunized with 60-100 3 10 6 SRBCs i.v. After 7 days mice were sacrificed and spleens were frozen in OCT (Tissue Tek).
Then cryosections (6 mm) were prepared and fixed in aceton. Slides were stained with CD4-FITC (GK1.5), Foxp3-Biotin (FJK) and Streptavidin-AlexaFluor555 and GL-7-Alexa647. Images were acquired on an Olympus BX41 fluorescence microscope. To determine the size of germinal centers (GC), a region of interest (ROI) was drawn around the GL-7 + area and its size measured using
ImageJ. To determine the number of Tfr cells, CD4 + Foxp3 + were counted within the GC ROI.
3D SIM
Rc3h1-2 À/À MEF cells that contained a doxycycline-inducible cassette for re-expression of Roquin-1 or different Roquin mutants were seeded onto coverslips and treated with 1 mg/ml of doxycycline for 14 hr. Before fixation, cells were treated with 0.5 mM sodium arsenite for 1 hr at 37 C or left untreated. Cells were fixed with 2% formalin in PBS for 10 min and then permeabilized in PBS containing 0.02% Tween20 and 0.5% Triton X-100 for 10 min. Coverslips were treated with the MAXblock Blocking Medium (Active Motif) for 2 hr at room temperature. Subsequently, cells were stained with the primary antibodies against Roquin (18F8) and either p70 S6 kinase a (H-9) or G3BP1 followed by a second antibody staining using anti-rat Alexa Fluor 488, anti-mouse CF405S or anti-rabbit Alexa Fluor 594. After a final fixation step in 4% formalin in PBS the cells were mounted in Vectashield. Images were acquired with a DeltaVision OMX V3 microscope. 3D SIM raw data were first reconstructed with the software softWoRx 6.0 Beta 19 (Unreleased) and corrected for color shifts. Composite TIFF stacks were established.
Ribosome profiling
Ribosome profile was carried out with the ARTseq Ribosome Profiling Kit for mammalian cells, according to the manufacturer's instructions. MEF cells (4-5 3 10 7 ) or CD4 + T cells (5-6 3 10 7 ) were washed with pre-warmed medium containing 100 mg/ml of cycloheximide for 1 min. MEF cells were lysed in 800 ml and T cells in 400 ml lysis buffer (1x Polysome Buffer, 1% Triton X-100, 1 mM DTT, 25 U/ml DNase I and 100 mg/ml of cycloheximide). After clarification of the lysates for 10 min at 20.000 x g at 4 C cell extracts were treated with 20-30 units of ARTSeq Nuclease (10 U/ml) at room temperature for 45 min with gentle mixing. Nuclease was inactivated with 10 ml of SUPERasedIn RNase Inhibitor. The 80S monosomes were purified by size-exclusion chromatography using MicroSpin S-400 HR columns (GE Healthcare), according to the manufacturer's instructions. After equilibration of the columns with 1x Polysome Buffer, 100 mL of RNase digested cell extracts were applied to each column. In total two MicroSpin S-400 HR columns were used for each sample. The 80S monosomes together with other large proteins or protein complexes were eluted by centrifugation for 2 min at 600 x g. The columns were washed with 100 ml of 1x Polysome Buffer (1 min/735 x g). The eluates belonging to the same samples (200 mL in total) were pooled and RNA was extracted with acid phenol:chloroform:isoamyl alcohol (125:24:1, pH 4.5). RNA was precipitated with ethanol and rRNA was depleted with the Ribo-Zero Magnetic Kit (Human/Mouse/Rat). The procedure was performed according to the manufacturer's manual, with the exception of the 50 C incubation step. RNA was analyzed on a 15% urea polyacrylamide gel, ribosome-protected fragments (RPFs) of 28-30 nt were excised, and then eluted from the gel overnight in 300 mM NaCl, followed by ethanol precipitation. For the generation of the cDNA library RPFs were 3'-dephosphorylated, ligated with a 3' adaptor, reverse transcribed, circularized and finally PCR amplified according to the ARTseq Ribosome Profiling Kit. PCR products were separated on a non-denaturing 8% polyacyrlamide TBE gel and DNA fragments of the correct size (nt 113 + 28-30) were extracted. cDNA libraries were sequenced using an Illumina HighSeq2000 sequencer. Total RNA for Ribosome profiling analysis was purified from 200 mL of clarified MEF cell lysate without ARTseq Nuclease treatment using acid phenol:chloroform:isoamyl alcohol (125:24:1, pH 4.5), followed by ethanol precipitation. cDNA libraries were performed with 100 ng of total RNA using the Encore Complete RNA-Seq DR Multiplex Systems. Total RNA from 6 x10 6 T cells was extracted using TRIzol according to the manufacturer's instructions. cDNA libraries were generated from 10 ng of total RNA using the SMARTSeq v4 Ultra Low Input RNA Kit for Sequencing and Nextera XT DNA Sample Preparation Kit. cDNA libraries were sequenced using an Illumina HighSeq 2000 or HighSeq 1500 sequencer.
RNA input for sequencing
PAR-CLIP
The method was performed as described in (Hafner et al., 2010) . In brief, WT MEF cells overexpressing Roquin-1 were labeled with 100 mM 4-Thiouridine (4-SU) for 16 hr. After irradiation of the cells using UV light at 365 nm, cells were lysed in NP40 lysis buffer (50 mM HEPES-KOH at pH 7.4, 150 mM KCl, 2 mM EDTA, 0.5% (v/v) NP40, 0.5 mM DTT, and 1x cOmplete, EDTA-free Protease Inhibitor Cocktail). Immunoprecipitation was carried out with Dynabeads protein G coupled to Roquin antibody (3F12) for 2 hr at 4 C. Beads were treated with calf intestinal phosphatase (CIP) and RNA fragments were radioactively end labeled. The crosslinked protein-RNA complexes were purified on 4%-12% NuPAGE gel (Invitrogen), and the 125 kDa band corresponding to Roquin was cut out. The RNA was isolated by electroelution followed by Proteinase K digestion and phenol-chloroform extraction. cDNA library was prepared according to the standard small RNA protocol (Hafner et al., 2012 ) with a minor modification. For PCR amplification the NEXTflex small RNA barcode primers were used. The amplified cDNA was sequenced on an Illumina HighSeq2000 sequencer.
Click-iT nascent protein synthesis assay Protein biosynthesis was detected by the Click-iT HPG Alexa Fluor Protein synthesis Assay Kit. MEF cells were seeded at a density of 2-3 3 10 5 per well of a 6-well plate. After 16 hr, cells were washed with warm PBS and methionine-free DMEM medium (GIBCO) supplemented with 50 mM of Click-iT L-homopropargylglycine (HPG) was added. After incubation at 37 C for 6-8 hr, cells were trypsinized and transferred into a 96 U-bottom well plate. Cells were fixed with 2% of formaldehyde at room temperature for 15 min, followed by permeabilization in PBS supplemented with 0.5% saponin and 1% BSA at 4 C for 20 min. HPG was detected using the Click-iT reaction cocktail containing Alexa Fluor 488 azide according to the manufacturer's instructions.
Cloning and analysis of the Itch 3' UTR reporter constructs The 3' UTR sequences of Itch (1-1513 and 1411-2389) were amplified from mouse genomic DNA using the Q5 High-Fidelity 2x Master Mix with the corresponding primers containing ClaI and SfiI sites at the fragment ends. The PCR-amplified 3' UTR fragments were ligated into the pGEM-T Easy vector, then excised as a ClaI/SfiI fragment and cloned into the MSCV-hICOS/GFP-IRES-Thy1.1 expression vector (Jeltsch et al., 2014; Schlundt et al., 2014) . The 3' UTR reporter constructs were analyzed by the infection marker Thy1.1 and GFP and subsequent flow cytometry.
Transfection and viral transduction Replication-deficient retrovirus production and retroviral infection of MEF cells with the 3' UTR reporter constructs were performed as previously described (Glasmacher et al., 2010; Janowski et al., 2016; Schlundt et al., 2014; Vogel et al., 2013) . For lentivirus production, HEK293T cells were seeded to a density of 15 3 10 6 cells in 15 cm culture dishes. Twenty four hours later, transfection was carried out using the calcium phosphate method to introduce packaging and lentiviral plasmids into HEK293T cells. As lentiviral vectors the plentiCMVtight containing either WT Roquin-1 or different Roquin mutants (Roquin (aa1-510), A-site (K220A K239A R260A), Znf (C419R), and RING (C14A)) and the plenti CMV rtTA3 vector were used. plentiCMVtight Neo DEST and the rtTA3-encoding vector plenti CMV rtTA3 Blast was a gift from Dr. Eric Campeau. Rc3h1-2 À/À MEF cells were cotransduced with plentiCMVtight Roquin-1 or Roquin mutants and the reverse tetracycline-controlled transactivator (rtTA3). Two days after infection, cells were cultured in medium supplemented with 500 mg/ml Geneticin (Neomycin) and 2.85 mg/ml Blasticitin S HCl for 7 d to select for stably infected cells. Roquin-1 mutations were introduced by QuikChange mutagenesis (QuikChange II XL site-directed mutagenesis Kit). Before analysis, cells were treated with 1 mg/ml doxycycline for 14 hr to induce Roquin expression or left untreated.
Coimmunoprecipitation of Roquin-associated mRNAs
Roquin immunoprecipitations were performed as previously described (Glasmacher et al., 2010) . Briefly, MEF cells were lysed in 700 ml lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.25% (v/v) Nonidet-P40, 1.5 mM MgCl 2 , 1 mM DTT supplemented with 1x cOmplete, EDTA-free Protease Inhibitor Cocktail and 1x Halt Phosphatase Inhibitor Cocktail) on ice for 15 min. Lysates were cleared by centrifugation 10 min at 10.000x g. Anti-Roquin-1 (Bethyl Laboratories) or normal IgG bound to protein G magnetic beads was incubated for 4 h at 4 C with lysates. Beads were washed two times with RNA wash buffer (lysis buffer containing 300 mM NaCl, 0.5% (vol/vol) Nonidet-P40 and 2.5 mM MgCl2) and two times with lysis buffer. Beads were split into a small fraction for Western Blot analysis and a large fraction for RT-qPCR analysis. For Western Blot analysis beads were resuspended in 15 ml of 1x SDS loading buffer and the immunoprecipitates were eluted from the beads by heating at 95 C for 5 min. For RNA extraction, 350 mL RA1 buffer (NucleoSpin RNA Kit) supplemented with 10 mM DTT and 4 mg bacterial rRNA (Roche) was added to the beads and to 200 mg of lysate protein as input samples. The RNA was subsequently extracted using the NucleoSpin RNA Kit according the manufacturer's instructions. For quantification of Pten, Itch and Nfkbiz mRNA in Roquin immunoprecipitates, RT-qPCR was performed using 1 mg of input RNA and 30 -40% of immunoprecipitated RNA for cDNA synthesis.
Ago2 immunoprecipitation
Monoclonal antibody for mouse Ago2 (6F4) were coupled to 100 ml of Dynabeads protein G at room temperature for 1 hr. Antibodyconjugated beads were washed twice with citrate-phosphate buffer pH 5.0. CD4 + T cells were isolated from spleen and lymph nodes from Cd4-Cre-ERT2, Rc3h1-2 fl/fl ; Cd4-Cre-ERT2, WT and miR-17$92 fl/fl ; Cd4-Cre + mice. CD4 + T cells from Cd4-Cre-ERT2 and Rc3h1-2 fl/fl Cd4-Cre-ERT2 mice were additionally treated with 1 mM 4' OH-tamoxifen for 24 hr. T cells from each mouse were then activated with anti-CD3 and anti-CD28 for 48 hr and expanded with IL-2 for 48 hr. Cells were washed with ice-cold PBS and T cells (1 3 10 8 ) were lysed on ice in 1 mL of lysis buffer (25 mM Tris-HCl pH 7.4, 150 mM KCl, 0.5% (v/v) NP-40, 2 mM EDTA, 1 mM NaF, 0.5 mM DTT and 1x cOmplete EDTA-free Protease Inhibitor Cocktail). The lysates were cleared by centrifugation at 12.000 xg for 15 min at 4 C. The antibody-conjugated magnetic beads were added to 5 mg of total lysate protein and incubated on a rotating wheel overnight at 4 C. Beads were washed once with lysis buffer, two times with IP-wash buffer (50mM Tris-HCl pH 7.4, 300 mM KCl, 1 mM MgCl 2 , 0.1% (v/v) NP-40, 0.5 mM DTT and 1x cOmplete EDTA-free Protease Inhibitor Cocktail) and once with PBS. Beads were split into a small fraction for Western Blot analysis and a large fraction for RT-qPCR analysis. For Western Blot analysis beads were resuspended in 20 ml of 1x SDS loading buffer and the immunoprecipitates were eluted from the beads by heating at 95 C for 5 min. For RNA extraction, 1 mL TRIzol was added to the beads and to 50 mg of lysate protein as input samples. The RNA was subsequently extracted according the manufacturer's instructions and the RNA was purified using the RNA Clean and Concentrator-5 Kit. For quantification of Pten mRNA in Ago2 immunoprecipitates RT-qPCR was performed using 1 mg of input RNA and 60 -80% of immunoprecipitated RNA for cDNA synthesis.
Genomic DNA isolation and bisulfite pyrosequencing Genomic DNA (gDNA) was isolated from FACS-purified CD25 -YFP + and CD25 + YFP + Treg cells from spleen or thymus using DNeasy Blood & Tissue kit. Next, gDNA was concentrated using Genomic DNA Clean & Concentrator-10 and bisulfite-converted using the EZ DNA Methylation Lightning Kit according to the manufacturer's instructions. Pyrosequencing was performed as described previously (Yang et al., 2016a) . Amplification of the Treg cell-specific demethylated region (TSDR) was performed with the biotinylated forward primer mTSDR-for and the reverse primer mTSDR-rev. Sequencing was conducted with the TSDR sequencing primers mTSDR-S1, mTSDR-S2, mTSDR-S3 covering CpG motifs of the TSDR between chromosome position X:7583950-7584149 (genome assembly: GRCm38.p5). Male mice were used for DNA methylation analysis to avoid artificial recalculation due to X chromosome inactivation in female mice.
Quantitative RT-PCR analysis RT-qPCR was used to quantitate Pten expression in CD4 + T cells and Pten, Itch and Nfkbiz expression in immunoprecipitates. RNA was isolated with TRIzol or with the NucleoSpin RNA Kit. cDNA (from 500 ng -1 mg RNA) was synthesized using the QuantiTect Reverse Transcription Kit according to the manufacturer's instructions. qRT-PCR for Pten, Itch, and Ywhaz was performed using the IDT PrimeTime qPCR Assay consisting of two primers and a hydrolysis probe (5'-FAM/ZEN/IBFQ). qRT-PCR for Nfkbiz was performed using Light Cycler 480 Probes Master Mix and primer-/probe-combinations from Roches Universal Probe Library. PCR reactions were run on a Roche Light Cycler 480II machine. Relative gene expression was determined with the Light Cycler 480 SW 1.5.1 software, and normalized to the expression of the housekeeping gene Ywhaz or the IgG control.
For measurements of miR-17 and miR-19a, sorted naive (CD4 + CD62L + CD44 -) and effector (CD4 + CD62L + CD44 + ) T cells were used. Total RNA, including microRNAs, was extracted with TRIzol and miRNA-specific cDNA was prepared from 15 ng total RNA using the TaqMan MicroRNA Reverse Transcription Kit. The expression of miR-17 and miR-19a was measured by qRT-PCR using the hsa-miR-17, hsa-miR-19a, snoRNA202 Taqman microRNA Assay (Applied Biosystems) on a Light Cycler 480II device with the Light Cycler 480 SW 1.5.1 software.
To determine deletion of Roquin-1 and Roquin-2 encoding alleles, gDNA was isolated using DNeasy Blood & Tissue kit, qRT-PCR for Rc3h1, Rc3h2, and Pbdg were performed using Light Cycler 480 Probes Master Mix and primer-/probe-combinations from Roches Universal Probe Library.
QUANTIFICATION AND STATISTICAL ANALYSIS
Cellular analyses
Statistical analysis was performed with Prism 5.0b (GraphPad) . P values were calculated with Student's t test, one-way or two-way ANOVA. p < 0.05 was considered significant. All error bars represent mean and SEM.
mRNA-seq and ribosome profiling differential expression analyses mRNA-seq reads were first subject 3' adaptor trimming (AGATCGGAAGAGCGGTT) and quality control using the FASTX-toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). Reads were then mapped to the mouse transcriptome based on genome assembly mm10 and transcript annotations from RefSeq with the segemehl software (Hoffmann et al., 2009 ), v0.1.7-411, allowing with a minimum mapping accuracy of 90%. Finally, transcript counts were calculated based on uniquely mapped reads and used to estimate differential expression with DESeq2 (Love et al., 2014) .
For ribosome profiling, the procedure was similar to the one used above with only two alterations: (1) the 3' adaptor was different (AGATCGGAAGAGCACACGTCT); (2) only the reads mapped to the gene's coding sequence were counted toward differential expression analysis.
Translation efficiency (TE) fold-change was calculated as the ratio of ribosome protected fragments (RPF) fold-change to mRNA fold-change, and the associated significance was evaluated using the R package babel (Olshen et al., 2013) .
Gene set enrichment analysis
The tool GSEA v2.2.3 (http://software.broadinstitute.org/gsea/index.jsp) was used to calculate the enrichment of different pathways described in the KEGG database (http://www.kegg.jp).
Gene annotations
Ribosomal proteins-encoding mRNAs were retrieved from DAVID (https://david.ncifcrf.gov), 5' TOP mRNAs as defined in ref. (Thoreen et al., 2012) .
PAR-CLIP analysis and identification of the RNA secondary structure in the Pten mRNA We used CLIPZ (Khorshid et al., 2011) to identify Roquin-bound clusters in mouse transcripts based on the fold enrichment of PAR-CLIP reads over mRNA-seq reads. The enrichment is expressed as r i / (p i r), where r i is the number of CLIP reads associated with site i, r is the total number of CLIP reads and p i is the relative abundance of the mRNA in which site i resides. Only clusters containing more than 50 CLIP reads were considered.
To identify an evolutionarily conserved RNA secondary structure in the Pten mRNA, we have first collected the mRNA sequences around the TargetScan-predicted miR-17$92 binding site from seventeen different vertebrate species (http://www.targetscan.org/), and then used Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) to perform the multiple alignment of the different sequences and RNAalifold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAalifold.cgi) to find the consensus secondary structure.
DATA AND SOFTWARE AVAILABILITY
The accession number for the sequencing data used for analysis in this paper is GEO: GSE86110.
